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Within this report, reference is made to Engineerei Magnetics

roprietary circuits. These circuits were developed during a
P P g

company sponsored R & D program prior to the initiation of this

study contract. In the best interest of the unit being designed

under this study, it is the intention of Engineered Magnetics

to utilize these proprietary circuits in the Pulse Width

Regulator. Patents for these circuits are being applied for

.at the present time,
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SUMMARY AND CONCLUSIONS A ! ‘(ﬁ

This report covers the second phase of design of a highly effi-

cient DC to DC Converter with 59-watt output consisting of 4 regulated,
isolated, and short circuit protected outputs. The initial report
submitted, covering the first phase of design, discussed the

study of an overall "block diagram" approach consisting of the
construction of an oscillator and pulse width regulator section,

and a search for a transistor for use as a suitable synchronous
rectifier. This type of transistor is currently not available

and it appears unfeasible to be fabricated under present transis-~

tor technology. This is due to two incompatible requirements of v
high base-emitter voltage and fast switching times.

During this second period, more time was expended on optimizing
the pulse width regulator than was anticipated at thé completion
of the first period of work. Consequently, the development of
the output séries regulator and current limiting circuitry that
wag to be designed during the second period was not completed.
However, design effort has been directed toward these circuits
and a preliminary design is near completion. Little difficulty
is anticipated here, and this circuitry will be completed in the

X . '
next phase of wor ;%OJY%+5Wé%
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INTRODUCTION
This report describes the second quarterly period of effort

to develop a DC to DC convexter of very high efficiency.

During this second phase of work, satisfactory synchroniza~
tion of the master and boost oscillators was accomplished,
Subsequent to that, the largest portion of the time was spent
in an attempt to increase the efficiency of the pulse width
regulator supplying input power to the boost oscillator.
Three nther types of regulatore were built and tried. Bach
type presented certain problems that resulted in an overall
lower efficiency for the converter as a whole, It was
decided that the original approach was superior and effort
was concentrated on optimizing this design. The pref-
erence of the first approach was further enhanced by the
recent introduction of a high speed, high beta, high current,

low saturation resistance PNP silicon transistor by Motorola.

The entire pre-regulating circuitry, consisting of the main
and boost oscillators and the pulse width regulator, has

been tested and found to work satisfactorily. Pre-regulation
ahead of the outpﬁt series regulators can be held to +2%

over the entire input voltage range.

As discussed in the first quarterly report, the basic
circuitry to regulate for input voltage variation is shown

in Figure 1. : .
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FIZURE 1. RLOCK DIAGRAM OF DESIGN APPROACH.
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DISCUSBION
At the end of the first pericd of effort, some difficulty
was experienced in the synchronization of the two power
oscillators (main and boost). This problem was corrected

at the beginning of this reporting period. The method of
driving the boost oscillator transistors from the hase
circuits of the main oscillator transistors was used instead
of the collector circuit method as Jescribed in the last
repoxt. The entire pre~regulating circuitry was tested and
found to work satisfactorily. Efficiency from the input to
the series regulators (not including series regulation) was
approximately 88%. Efficiency is almoBt independznt of
input voltage. This indicates that as the input voltage
increases, the increase in efficiency of the main oscillator
is just offset by the decrease in efficiency of the P.W.R.-
Boost Oscillafeg combination.

A. PULSE WIDTH REGULATOR
The pulse width regulator that is being used is shown
in Figure 2. .
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The series switch Q1 is driven by Q2. Transistor Q2,

in turn, is controlled by the Detector-to-Pulse Circuit,.
This circuit is designed to switch from one state to the
other with a minimum voltage change. If the sense
voltage rises, the Detector-~to-Pulse Circuit is turned on
and hence Q2 and Q1 are turned off bringing the sense
voltage back to the desired level. The commutating diode
Dl discharges L1 when Q1 turns off. Ll and Cl form the
output filter. Note that the frequency of switching is
not fixed but is a function of L1, Cl, and the load.

Theré are some inherent problems and disadvantages

associated with this circuit, '

1. Bias Supply
First, a separate bias supply must be included to
insure that Q1 is completely saturated. This bias
supr.ly must be a regulated voltage. This can be
seen from the following consideration. The bias
voltage must be at least 1.5 volts and supplies
200MA of drive power to Ql. This is » total of 300
MW when Q2 is oa. If the bias voltage is a function
of the input voltage, it would have to be désigned
to be 1.5 volts when the input voltage is at its
minimum of 12 volts. When the input voltage is at
20 volts, the bias supply veltage would be %% (1.5)
m 2.5 volts. The additional volt would appear
across Rl which would raise the current from 200MA
to 700MA. The bias power when Q2 is "on" would¢ now
be (2.5)(7)= 1.75 watts, Even though Q2 and Q1 are
"on" a decreasing percentage of time as the input
voltage increases, this still causes a prohibi-
tive power loss. Thus the bias supply must be
coarsely regulated. It is derived from additive
windings in the twd power oscillators in the same
mannex as the four outputs and the sense voltage
for the P.W.,R. It thus requires two separate

-



o S P

c e o owE r Ll 2

Ty o

. P T

orea”

bifilar windings, four diodes, and a capacitor to
generate the bias supply. The rectifying diodes
account for another 1O00OMW of loss.

2. Ql Tuxrn Off
Another problem of the circuit is that there is no
practical method of turning Ql off quickly with a
negative base current pulse, The method is to
put an Off Bias Circuit on Ll to provide a negative
bias on the base of Ql when it starts to turn off,.
The circuit is the following:

L
O+ OUTPUT

oF
< 3 '"fg“‘“”‘uw“m
Di 1

(

OFF BBiAZ
C\RCLT

This method works vexy well when the output voltage

is constant. Under this condition the voltage

across N1 of Ll is always the same value when Ql is

coff and L1 is supplying power to the output.
Specifically, the voltage across N1 equals the output
voltage plus the voltage drop across Dl. With a

fixed voltage across N1, it is an easy matter to

design the Off Bias Circuit to give the proper turn off
drive. However, in the circuit being used, the

output voltage is not constant but varies from about

12 volts down to almost zero volts as the input voltage

goes from 12 volts to 20 volts. The ideal character-

istic of the regulator is the following:

l24\ - . ,
=ourl N L & E L £70
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With this mode of operation it is impossikle to
design a feasible Off Bias Circuit. Other methods
were tried, such as connecting the base of Ql to
a negative voltage with respect to the emitter of

another transistor in the following manner:

<
¢ , e
- \ AT 25
: - 2. VOUTS

\r_*,;:fP

T7aq=

TO DETECTOR2 - CONITR ..

- PULDE CIRCUTTRY

CARICUNYT

CONI RO
This system did not prove feasible because cf the
added control circuitry that was needed in addition
to Q3 having to carry a moderate amount of current
and turn on very fast. Q1 is a Minneapoclis~Honey-
wall 2N2812 and is capable of turning off in 50ns
with the proper turn off drive. The control
circuitry to turn Q3 on-and-off is very complicated
since the emitter of Q3 is at a potential almost
equal to the output voltage when it begins to turn
on and rapidly d:creases to about one volt bhelow
the common bus as Ql turns off. $8ince the output
voltage varies from 12 volts down to zero,this means
the power to turn on Q3 must come from a source

of 13 volts or more. When the emitter of Q3 drops

e
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to minus one volt when 1 turns off,

the base current for Q3 comes from at least a

13 volt source., To prevent prohibitive losses, the
turn on signal for Q3 would have to be of a short
duration and extremely fast rise time. The
complexity of the circuitry needed o accomplish

this eliminated the use of this type of turn off

drive.

3. Another approach attempted was to charge 1
linear powder core from the input source and then
open it and let the energy stored in the core
provide the turn off bias. The circuit used was
the following:
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When the Detector-to-Pulse Circuit operates, Q5 is
turned on through R8. When Q5 turns cff, the collap-
sing field in Tl provides a negative bias on N2 to

turn off Ql. R7 returns the base of Q5 to the positive
bias to give quick turn off of Q5. Diode D3 is for

the purpose of allowing Tl to discharge after the
stored charge has been cleared from the base of Ql,
Before the charge has been removed, the back voltage
drop across the base-emitter junction of Ql is less
than the forward diode drop, therefore no current flows
through D3 until Q1 is off. This approach worked in
that it achieved faster turn off of Ql. However, it
did not accomplish an increase in overall efficiency.’
One reason is that the frequency of switching of the
regulatoxy varies from about 1KC to 5KC over the load
range. At the lower frequencies, Tl saturates early

in the cycle and the maximum current flows through

R9, @5, and N1 for 80% of the time. Another problem

is that Q5 must turn off much faster than Q1 if it is
to do the most good. ‘

Attempts will be made in the next phase of work to
determine just how much power is lost in Q1 4due to a
turn off time of 0.3us instead of 50ns. It appears
now that the power lost due to this is small encugh
considering there is no circuitry which, in itself,
is efficient enough to save this power.

Feed Back Loop and Zero Output Voltage

A problem always encountered in any regulator that
has a low voltage output is ripple. The ripple
problem in the regulation circuit being used is
complicated by two factorxs, First, the output voltage
is not the voltage that is being sensed. As the out-
put voltage viéries over the range of 12 to 0

volts, the sense voltage remains constant at 12

volte. It is the sense voltage that the regulator

is regulating. It is at the sense pnint th-*

~3-
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percentage ripple is measured as far as the regulating
circuit is concerned. The absolute p-p ripple then
remains constant so that as the output voltage
decreases, the percentage ripple increases. .
Secondly , the p-p value of the ripple is fairly
large to begin with. It must be remembered that the
feed back control locp for the regulator contains two
DC-DC converters whose outputs are connected in series
to form the sense voltage. The trade cff that must
always be made between output ripple and regulator
frequency response becomes extremely difficult for this

‘circuitry. The pi filter consisting of C2-L2-C3 was

determined empirically and the hreadboard operates
satisfactorily. However, further analysis will be
accomplished in this area to insure proper operation
in a production situation. In addition, good filter-
ing is needed between the output Qf the regulator and
the input of the boost oscillator. This is because
the ripple on the output of the regulator is approxi-
mately 300mv p-p. The frequency of the oscillator is
4KC, The frequency of the regulator varies from 1KC
to 5KC as the load varies. If the frequency of the
regulator happens to be very near 4KC and the cutput
voltage is low so that the percentage ripple is high,
the result is that one of the switching transistors
in the boost oscillator sees a higher net DC input
voltage than the other one. This causes a non-
symmetrical wave shape in the boost oscillator which
drives the core into saturation on one-half cycle.
The "roundness" of the B~H loop of the supermalloy
cores being used minimizes this problem, but addi-~
tional filtering is still used between the regulator
and boost oscillator.

..._é:i
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] B. OTHER REGULATOR APPROACHES

Q“; Other regulator circuits were studied to nminimize or elim-
inate some of the problems mentioned above. In order to
eliminate the problems of oscillation and response time
in the feed back loop, an open loop regjulator was tried.
As was stated earlier, the ideal relationship between the
input and output voltages of the regulator is Eout =
30-3/2 E The followinc circuit was desigred to provice

this function:
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The operation of the circuit is as follows. The point
of regulation or constant voltage is the sense point of
the Detector-to-Pulse Circuit. The voltaye at this point

is eqgual to \ \

This equation is true if it is assumed that the current
through Rl comes: entirely through R2. That is R2 is much
less than R3 + R4. This is easily made valid since the

sense point is X 10pa and the current through Rl
and R2 can be made 100 times this large without an
appreciable power loss.

If we now let

Rl R3

2) - . R, =
% Rl + R2 2 R FRa

and sclve for K1 and K2 from the boundary conditions, we

get
1 Ein) x2 = E sense
E sense was chosen to equal 6 volts.

3) Ky Ejn (Eout R

The boundary conditions are

when: Ein = 12 volts, Eout = 12 volts

Ein = 20 volts, Eout = 0 wvolts

E sense = 6 volfs

Inserting these conditions into equation 3) above derives
the following two equations:

4) 12K, + (12 - 12K1) K, = 6

1
5) 201(1 + (0 - 20Kl) K, = 6

from 5) Ky = _~- N from 4) Ky =1 - .5

T, =1 K, -1
The graph of these two equations is shown in the following
figure: '

-ll-
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There are two solutiocns, but the one at K2 » 1,and Kl =
infinity is indeterminate. The root at K, = %y X, = .2 is

the usable root,

The regulator that was built had
Rl = 1.5K, R2 = 2,5K, R3 = 10K, R4 = 40K

The overall performance was very clonse to what was
anticipated. One large drawback was that the output
voltages ahead of the series reguvlators could not be held
to a tight enough tolerance over temperature. Even with
temperature compensating circuitry in the regulator,
performance could not be made much better than *5%. This
added percentage {*2% can be achieved with closed-loop
regdlation) means that 3% less efficiency would be
obtained with this open loop regulation method. The
importance of holding this pre-regulated voltage to as
tight a tolerance as possible is emphasized by the fact
that the Honeywell 2.°?12 transistors that are heing
used for series regulators can operate over the entire
-(:' temperature range with less than 0.3 volts collector-
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emitter voltage. The added voltage drop that must be
inserted ahead of the series regulator need only be larage,
enough to allow for load transients. The amount of extra
voltage that is needed is a function of the magnitude of
the step load change, the response time of the regulator,
and the size of the filter capacitor ahead of the series
regulator.

C. CURRENT DRIVEN REGULATCR
A current driven regulator circuit was tried in oxrder to
eliminate the losses inherent in a fixed bias supply for
Ql., The basic circuit concept was the following:
NY B
8 (s
S ouUT
+ -+
’ lMo_" s ,/ _m_L m--o
' Qa N1
M1 A '

CONTROL.
CURCNTRY

N1 and N2 are secondary windings of a current transformer

whose primary windings are placed in the collector circuit
of the main power oscillator in the same manner as the
current transformex that pr sides base feed back power,
When Q2 is open, power is fed in alternate half-cycles

to either Q1A or Q1B that closes the series switch. When
Q2 is turned on, the current transformer is shorted and
PlA and Q1B are off, The sense control circuitry
determines the switching of 2. Two transistors were

-]3~
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used for Q1 so that rectifying diodes could be omitted
in the base drive windings N1lA and N1B. The current in
the transformer is AC. 1f only one transistor were used,
the drive circuit would have to be a full wave rectified

voltage as shown in the followings

O ________,::‘\5 o .- ,/vm,__-%_____.
1 ]kj _j_
_ L T
& A | |
L A KA ' l
NI A NIl

The loss due to the diodes here is about 150mw at full
load. The current drive circuit was very efficient in
itself. At light load considerable power was saved in
base drive. The base current is supplied from a 0.8 volt
source (the base-emitter voltage of Ql) instead of a 2.5
volt source as in a voltage driven circuit. This alone
saves 340mw at full ioad. Also, when Q2 is turned on

the current transformer is shorted, a condition of

almost no loss equivalent to an open circuited vocltage

~ transformer. However, the probleﬁ which could not be

overcome in this circuit was the extfemely slow switching
times that resulted in Q1. Switching times were on the
orxdexr of 10ms. The base of Ql could not be returned to
a negative point for turn off becauvse a current trans-
former can not be connected to a voltage source without
losing the whole operation of the circuit. Even though
this circuit is considerably more simple and much more
efficient in supplying drive power to Ql, it had to be
discarded because of the resultant slow swiltching times
in Q1. If a method could be conceived whereby fast
switching times could be achieved with this circuit, it
would be by far the best circuit to use.

il
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D. Having decided that the original design of the pulse

-) width regulator would have to be used, attempts were made
to optimize this c1xcu1t One major g£ource of power loss
was the base current for the driver transistor Q2. Re~
ferring again to a simplified circuit of Figure 2 as
shown below:
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R3 must be chosen to give enough drive to Q2 when E, in is

at its minimum value of 12 volts, P01nt<:>1n the circuit
is nearly always equal to Ein‘ When the Detector~to-Pul .e
Circuit operates, point (g; is nearly equal to 8

volts. Thus. at low input the voltage across R3 is 4
volts. R3 must be chosen to give adequate base current

to Q2 under these conditions. At the high input voltage
of 20 volts, the voltage across R3 is 20 minus 8 or 12
vo}ts, an increase of 3:1., In the early part of this work
period, Motorola 2N2905 transistors were being used for
Q2. The minimum drive current needed to give 200MA at
saturation was 12MA. At 20 volts input, the base drive

4
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to Q2 is three {imes as much or 36MA, This current is
being supplied directly from the 20 volt input source

and therefore represents (35) (20) or 720mw of power when
it is “‘lowing. In an effort to reduce this drive current,

the darlington circuits as shown below were tried:

+ 1\ — N PL
T p
s - R\ ST
& T N A " N \r (-\-1-‘
I T Y?‘ng I
T s
.,\L ‘ i i /_‘___J
~/ TO DETECTCR-  TOE TECTO(?\\lr/
TR TO - TO-PULSE \_‘r’cuv\"
CIRCUNT CON VRO CONT RO

In both cases, the resultant increase in switching times
of Ql cancelled any reduction in loss due to less

drive power. Toward the end of this work period, Motorola
introduced the 2N3025 PNP silicon transistor. This
transistor had much higher gain and lower collector-
emitter saturation voltage than the 2N2905. Minimum base
current to give 200MA of collector current is 3MA. Under
this condition only 9MA flows at high input voltage.

Since it flows for 12/20 of the tihe at high line, this
represents a power loss of only (.6)(20)(9) = 108mw.

This transistor also switches very fast and resultant
gswitching times for Q1 are about 2us,

One other variation attempted on the original pulse width
regulator circuit was the use of a "turneroff SCR" control
circuit in place of the Detector-to-Pulse Circuit to
convert the analog sense signal into a digital signal to
control Q2. The circuit is shown on the following page.

e
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€1 and CR1 maintained a voltage of about 3 volts at the
cathode of the SCR. The sense circuitry waé'designed 80
that a change of only 30mv at the sense point would
change Q1 from off to saturation. When Ql was off, SCRL
switched on from gate current through R2. When Ql turned
on into saturation, the gate of SCR1l is at 0 potential
and the cathode is maintained at +3 volts by Cl. The
back bias on the gate then turns off SCRI. This circuit
worked moderately well., The SCR (Texas Instruments
2N3001 series) switched on with adequate switching speed.
Turn off time was slower but still tolerable., One
problem that was encountered, however, was sporadic
switching. The SCR is extremely sensitive. At high
temperature it becomes easier to turn on and harder to
tion otf, The circuit worked at high temperature even
though some false triggering was occurring. The circuit,
though, did not offer any obvious advantages over the
original Detector-to-Pulse Circuit, Consequently the

original circult was used.

OSED PROGRAM FOR NEXT REPORTING PERIOD

During the next phase of work, the series regulator and current
1iﬁitiﬁg civouitry will be added. This will essentially
complete the eledtronic design. The series regulator circuit
will be of a standard design. Only two areas of the unit
design ars unﬁhtermi?ad. One is the type of current limiting

“17“‘
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action, One type of current limiting supplies a fixed maximun
current as an increasin§ overload lowers the output voltage.

A second type reduces the output current concurrently

with a decreasing output voltage. These two characteristics

are shown graphically below.
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BeFORUL LIMITING

A third method of current limiting that can also be used is
¥ .
a form of "cut-off" in which both the output voltage and

current go to zero when the load exceeds a specified valuae,

The other area of unit design yet to be determined is the type
of drive for the series regulator transistors. The two types
under consideration are a separate bias supply and a standard

drive supply. These two circuits are shown below.
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The separate bias offers the advantage of supplying base drive
forfthe peries regulator transistor from a 2 volt source
instead of from a source equal o the ocutput voltage, However,
the added complexity, four diodes and two transformer windings
on each power transformer for each of the four separate out-
puta, of this type of drive seems to prohibit its use. BEffort
is presei..ly helng made in conjunctlon with Minneapolis-
Honeywell to obtain spec1a1 high gain transistors for the
geries transistors chat will reduce the loss due to base drive
to a tolerable figure.

w1 Qo





